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ABSTRACT 

A quantitative method has been developed for the analysis of 4- 
aminobiphenyl (4-ABP) covalently bound as the sulfinic acid amide to 
the 93(9 cysteine of human hemoglobin. The method uses mild basic 
hydrolysis of hemoglobin to release the parent amine, derivatization to 
form the pentafluoropropionamlde, and capillary gas chromatography 
with detection by negative-ion chemical ionization mass spectrometry. 
The method is precise and gives reproducible results on multiple blood 

samples taken from individuals over 4$ h. Application of (his method to 
blood samples from cigarette smokers and nonsmokers revealed consis¬ 
tently higher adduct levels in smokers. The mean value for smokers was 
154 pg 4-ABP per g Hb compared to 28 pg/g Hb for nonsmokers, with 
no overlap of adduct levels between the two groups. Studies on quitting 
smokers revealed that adduct levels declined over a period of 6-8 weeks 
to nonsmoker levels. The finding of 4-ABP adducts in all nonstnokers 
was not anticipated but is consistent with low-level ubiquitous contami¬ 
nation of air, food, or water. In other animals sampled, rats and dogs had 
measurable adduct levels, but monkeys and fish did not. The hemoglobin 
adduct of 4-ABP is the product of a series of reactions between the 
hemoprotein and A'-hydro\y-4-ABP. The formation of hydroxy hotlines 
from carcinogenic aromatic amines and their subsequent reactions with 
DMA arc generally thought to be critical events in the initiation of bladder 
tumors. We suggest that the observed hemoglobin adduct levels formed 
by this proximate carcinogen will reflect the extent to which these steps 
have occurred. This is the first report of 4-ABP adducts in human blood. 


INTRODUCTION 

A number of aromatic amines, including d-ABP- 5 have been 
detected in tobacco smoke (1). Since some of these amines are 
potent human biadder carcinogens (e.g., 4-ABP and 2-naph- 
thy [amine), it is a reasonable hypothesis that increased exposure 
to these amines is a Factor in the observed increase in the 
incidence of bladder cancer among cigarette smokers. Relative 
risks for bladder cancer in this group are generally in the range 
of 1.5 to 3.0 (2. 3), although other studies have reported 
somewhat higher relative risks (4). A dose-response relationship 
is also seen between the number of cigarettes smoked and the 
observed relative risk for bladder cancer (3). 

A'-Hydroxylation of the parent amine appears to be the 
critical step in the metabolic activation of these compounds to 
carcinogenic species (5). Transport of the hydroxylamine to the 
bladder in the more stable form of an A-glucuronide, followed 
by hydrolysis in the acidic environment of the human bladder, 
results in the formation of electrophilic nitrenium ions inv olv ed 
in critical macromolecular binding reactions (6, 7). A method 
of dosimetry w hich quantitates the in vivo reaction products of 
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the hydroxylamine might therefore be useful in estimating the 
biologically effective dose of 4-aminobipbenyl. 

This paper describes a method of biological dosimetry for 4- 
ABP which is based on the formation of acid-labile sulphin- 
amide adducts arising from the interaction of A-hydroxy-4- 
aminobiphenyl with a single cysteine residue of hemoglobin. 
Previous work in a rat model (8) showed that the chemical and 
pharmacological properties of this adduct would allow it to be 
of potential use in estimating exposure to this carcinogen. The 
development of a highly sensitive GC-MS method for the 
quantification of this hemoglobin adduct has enabled measure¬ 
ment of erythrocyte doses at the levels necessary to observe 
exposure related to cigarette smoking. 

MATERIALS AND METHODS 

Chemicals and Reagents. All aqueous solutions were prepared with 
distilled deionized water (Milli-Q water purification system). Reagent- 
grade toluene was extracted w ith an equal volume of 1.0 N HCI, followed 
by three extractions with water. Hexane (Baker Resi-Analyzed grade) 
was redistilled twice and stored in KOH/ethanol-cleaned glass-stop- 
pered bottles. Trimethylamine in hexane was prepared by adding 1 g 
reagent-grade trimethylamine hydrochloride to 2 ml water, neutralizing 
with NaOH and extracting into 5 mi hexane, The internal standard, 
4'-F-ABP (Pfaltz and Bauer) w as recrystallized from dichioromethane/ 
hexane and used to prepare a stock solution of 10 pg/m! in 0.1 N HCI. 
The stock solution w as stored at 4'C and diluted to 100 ng/mi with 0.1 
N HCI on each day of use. PFPA (Pierce or Supeico) was stored in air¬ 
tight vials and replaced periodically. All other chemicals were reagent 
grade. 

Analysis of Human Blood Samples. Ten-mi blood samples were 
obtained from human subjects classified according to smoking status 
[a smoker was classified as an individual currently smoking at least one 
pack per day (range. 20-50 cigarettes/day). while nonsmokers were 
classified as individuals who have never smoked). The blood was cen¬ 
trifuged at 3.000 x g to generate packed red blood cells. After removal 
of the serum, the RBC were washed three times with 0.9T saline and 
lysed by the addition of 15 ml deionized water and 2 ml toluene and 
vigorous shaking. After approximately 30 min, the lysate was centri¬ 
fuged at 10,000 X g (10-20 min) to remove the cell debris. The clear 
hemoglobin layer was transferred to dialysis tubing and dialyzed against 
two changes of distilled, deionized w ater at 4*C for 2 days. The dialysate 
was added to weighed Corex tubes (50 mi, with Teflon-lined caps. No. 
8422A) and reweighed to determine the approximate volume. The 
hemoglobin concentration of each sample was determined by Drabkin's 
method (no. 525A; Sigma) and used to calculate the amount of hemo¬ 
globin in each sample. After spiking with 1.00 ng 4'-F-ABP, the 
dialysate was made 0.1 M in NaOH and incubated for 3 h at room 
temperature. The hydrolysate was extracted w ith 15 ml hexane. The 
resulting emulsion was broken by freezing and then thaw ing the sam¬ 
ples. The extraction was then repeated with an additional 15 ml of 
hexane. The hexane extracts were combined, extracted with 10 ml 1.0 
N HCI, and then discarded. After neutralization with NaOH, the 
aqueous phase was extracted twice with 15 ml hexane. The hexane 
extracts were combined and dried over anhydrous sodium sulfate and 
magnesium sulfate. Two yd of trimethylamine in hexane was added to 
the hexane extracts in pear-shaped flasks, followed by 2 ;;! of PFPA. 
After 10 min at room temperature, the hexane was concentrated to 
about 1 ml with a rotary evaporator. The hexane was then added to a 
’ri-dram vial and evaporated to dryness. The residue was redissolved in 
20 pi of hexane for analysis. 
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interaction with a single cysteine residue (930) of hemoglobin. 


Gas Chromatography-Mass Spectrometry. GC-MS was perfonned 
on a Hewlett-Packard 5987 GC-MS equipped with a standard electron 
ionization/chemical ionization source. Analyses were carried out using 
negative-ion chemical ionization, with methane as the reagent gas. For 
maximum sensitivity, the instrument was manually tuned each day 
using perfluorotributjlamine. The source pressure and temperature 
were typically 0.8 torr and ISO’C, respectively. The electron energy 
varied from 60 to 150 eV and the emission current was 400-450 1 - A. 
The gas chromatograph was interfaced to the mass spectrometer with 
an open-split capillary interface, with the interface, injection port, and 
transfer lines kept at 240 to 250'C. The GC column was a 20 m x 0.25 
mm I.D. fused silica capillary coated with Supelcowax 10 (film thick¬ 
ness, 0.25 ^m). The carrier gas was helium (uitrahigh purity grade), 
with a flow rate of approximately 2 ml/mtn. Gas line purifiers (no. 
6406; MathesonJ were installed on both gas lines. Four-^l injections 
were made in the splitless mode (spiilless valve open for 0.5 min) with 
an initial oven temperature of 6Q‘C for 1 min, followed by a temperature 
ramp to 240‘C at 20‘C/min and a 5-min isothermal phase (240‘Cl. 
The PFP derivatives of 4-ABP and 4'-F-ABP eluted during the iso¬ 
thermal phase. The following single ions were monitored with dwell 
times of 300 ms each: 295.2 for PFP-ABP and 3IJ.2 for PFPA'-F- 
ABP [corresponding to the respective (M-HF) - fragments). Further 
characteristics of these compounds, under electron ionization'and pos¬ 
itive chemical ionization mass spectrometry, are discussed in greater 
detail elsewhere (9), 

Calculations. The integrated peak area of the 295.2 ion was divided 
by the peak area of the 313.2 ion and then multiplied by the ratio of 
the molecular weights of the respective amines (169(187) to determine 
the amount (in nanograms) of 4-ABP in the sample. This value was 
divided by the grams of hemoglobin in the sample to calculate the 
adduct level expressed as nanograms 4-ABP per gram hemoglobin. 

Source of Human Blood Samples. In precision studies blood samples 
(2-10 ml each) were obtained from the Massachusetts Institute of 
Technology Medical Department after completion of standard clinical 
assays. These were combined to form a single blood sample of about 
100 ml. After stirring to achieve homogeneity, the blood was processed 
as described previously to isolate the washed RBC. These were again 
mixed to homogeneity and then aliquoted into seven or eight samples 
of 5 ml each. 

Smoking Cessation Studies. Subjects who joined The Stop Smoking 
Clinic, Inc. (Danvers, MA) were recruited to donate blood samples 
before and at various time points after cessation of smoking. After 
completing questionnaires on their smoking history and other personal 
characteristics, the subjects donated 10-ml blood samples, obtained by 
puncture of an antecubilal vein into evacuated containers coated with 
heparin or EDTA. The five subjects included four men (aged 23-78) 
and one woman (age 36), with reported smoking frequencies of one to 
two packs per day. Samples were collected from these five successful 
quitters at three time points up to 60 days following cessation of 
smoking. Serum coiinines were done to verify that the subjects had 
indeed quit smoking during the course of the study, 

Smoking and Nonsmoking Subjects. Samples were obtained from F. 
Perera, R. M. Sanlella, and D. Brenner of the Columbia University 
School of Public Health in a coded blind fashion (samples were labeled 
i 000-1 to 1GS3-3 and the smoking status was not known to us at the 
time of analysis). Each sample consisted of about 5 ml of washed RBC 
froma total of 35 ml blood drawn inquantities of 7 ml into heparinized 
tubes. For some subjects, an additional 5 ml of RBC were obtained 
from a second 35-ml blood sample drawn either 15 or 48 h after the 
initial sample. These samples are further described and characterized 
elsewhere.* 

RESULTS 

Our initial work on developing a dosimeter for 4-ABP (8) 
revealed a stable, covalent adduct with hemoglobin which was 
formed in high yield. Information in the literature (10) sug¬ 
gested that this adduct may be a sulphinamide formed via 

* F. P Perera, personal communication. 


We have crystallized human oxyhemoglobin after reaction with 
,Y-hydroxy-4-ABP in vitro and determined its structure to 4 A 
resolution by X-ray crystallography. 5 At this resolution, the 
exact nature of the chemical bond between the biphenyl residue 
and the protein is not discernible, but it is clear that the 93(3 
cysteine is the residue to which the biphenyl ring system is 
attached. Using a rat model, the adduct was shown to possess 
the following characteristics which make it suitable For use as 
a biological dosimeter: (a) The adduct is formed in a dose- 
dependent manner over the range tested (0.5-5000 gg/kg) at 
the exceptionally high level of over 5% of an administered dose. 
Further unpublished studies from our laboratory using d9-4- 
ABP have indicated that this dose-response relationship is 
unchanged at doses as low as 0.005 ,ug/kg. (/>) The adduct 
appears to be stable in vivo, being removed at a rate similar to 
that of unadducted hemoglobin, (c) During chronic dosing, the 
adducts appear to accumulate over the lifetime of the erythro¬ 
cyte to a steady state adduct level, as predicted (11). ( d) The 
adduct can be broken down in vitro , by base- or acid-catalyzed 
hydrolysis, to the parent amine, thus simplifying ils isolation 
from the rest of the protein molecule. 

Analytical Method. Our initial efforts to develop methods for 
the analysis of 4-ABP-hemoblogin adducts utilized the standard 
HCI/acetone method (12) for the isolation of globin. In that 
procedure, hemoglobin purified by dialysis is added to an acidic 
solution of acetone. The globin precipitates, leaving the heme 
in solution. Free 4-ABP is also present in the acidic acetone 
solution, due to hydrolysis of the sulphinamide adducts. Evap¬ 
oration of the acetone precipitates the heme, which is removed 
by filtration. Further purification by CIS chromatography pro¬ 
duces a buffer/methanol solution containing the amine, which 
is quantified by reversed-phase high-performance liquid chro¬ 
matography. This technique was not sufficiently sensitive to 
measure adduct levels at the subnanogram level expected to be 
found in human blood samples. 

Reports in the literature indicated that capillary gas chro¬ 
matography with electron capture detection could analyze 
amines in the nanogram to picogram range after derivatization 
with pentafiuorobenzoyl chloride (13), pentafluoropropionic 
anhydride, or heptafluorobutyric anhydride (14). Based on this 
background information, a method was developed which con¬ 
sisted of extracting the amine from the buffer/methanol solu¬ 
tion into hexane, derivatization with pentafiuorobenzoyl chlo¬ 
ride, clean up by silica gel chromatography, and quantification 
by GC using electron capture detection. The above method was 
not suitable for adduct levels below a microgram due to a high 
background of electron capture-sensitive compounds in the 
solvents and other equipment. In some plastic materials (filter 
holders and air filters), trace amounts of 4-ABP were detected. 

An alternative basic hydrolysis procedure was found to be 
more suitable for trace analysis since only glass and teflon 
materials are used and only two solvents (hexane and water) 
needed to be purified. In the method, illustrated in Fig. 1, the 
dialyzed hemoglobin is made 0.1 M in NaOH for a 2-3-h 
incubation period. The hydrolyzed amine is then extracted info 
hexane, derivatized with pentafluoropropionic anhydride, and 
then quantified by gas chromatography. Electron capture detec¬ 
tion was initially used because of its enormous sensitivity, but 
was found to possess insufficient selectivity. The chromato¬ 
grams from real samples contained enough EC-sensitive mate-. 

5 D. Ridge, R. J. Turesky, P. L. Skipper, and S. Ft. Tannenbaunt, Structure of 
a single stable hemoglobin adduct formed by 4~aimnobiphenyl, unpublished 
results. - .. 
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rials to make adduct analysis below 100 pg/g hemoglobin 
unfeasible. A chromatogram from a human nonsmoker sample 
quantified by GC-electron capture detection was reported pre¬ 
viously (8). 

The use of negative-ion chemical ionization mass spectrom¬ 
etry, in the selected ion mode, provided both the sensitivity and 
selectivity needed for detection and quantification of adducts at 
levels found in human blood samples. At a minimum signal-to- 
noise ratio of 10 in the final chromatogram, the method is 
sensitive to levels below lOpg 4-ABP/IO ml blood. The method 
has been used to quantify adduct levels up to six orders of 
magnitude above this level (ix g/g of hemoglobin) and appears 
to be linear in this range and beyond. As can be seen from the 
chromatograms in Fig. 2, the background noise produced by 
other compounds in the final hexan'e solution is minimal. 

The precision of the assay has been determined by analysis 
of aliquots of 100-ml blood samples. In one study, eight aliquots 
were analyzed, yielding values of 47, 49, 52, 52, 54, 55, 61, and 
63 pg/g Hb (mean, 54; SD, 5.5) and in another study, seven 
aliquots were analyzed (values of 32, 34, 37, 38, 41, 42, and 44 
pg/gHb; mean, 38; SD, 4.3). In each case, one standard devia¬ 
tion was equal to about 10% of the mean adduct level. Sources 
of this variation would also include errors in the assay for 
hemoglobin content. 

Reproducibility was assessed by multiple sampling of 15 


Time (min) 

Fig. 2. Chromatographic analysis of 4-ABP. The upper trace »as produced by 
monitoring at m/i 295.2. The PFP-ABP eluted at 12.5 min and is marked with 
an arrow. The peak at 12.7 min is a fragment ion of the interna] standard. The 
lower trace (PFP-4'-F-ABP, internal standard) was produced by monitoring at 
mjz 313.2. The sample was obtained from a smoker and contained 133 pg 4- 
ABP/g Hb. The amount of 4-ABP injccicd was 14 pg. 

Table 1 Background levels of 4-ABP-hemoglobin adducts in 

various animal species __ 

Ad duel level 

_ Species _ (pg 4-ABP/g Hb) _ 

Rat (Sprague-Dawlcy, Fisher), 20 samples 500-3000 

Dog (beagle), 3 samples 118-240 

Monkey (rhestis), 3 samples ND* 

Fish (flounder), 8 samples _ND__. 

“ ND, none detected above the detection limit of 5-10 pg/g lib. 

subjects and subsequent analyses of the samples in the same or 
in different batches. Samples were obtained 15 or 48 h apart. 
RBC from these samples were frozen and analyzed in three 
different batches over a 13-mo period. For seven subjects, the 
duplicates were done within one batch and for the rest the 
duplicates were analyzed in different batches. These experi¬ 
ments were designed to determine the magnitude of intraindi- 
viduul variation relative to interindividual variation. The coef¬ 
ficient of variation due to sampling from the same individual 
at different times, 15-48 h later, was estimated to be 9%, _ 
meaning day-to-day biological variation in adduct levels was 
unmeasureabie since, as indicated above, the within-batch coef¬ 
ficient of variation (or precision) was 10%. 

Numerous studies were done to rule out the possibility of 4- 
ABP contamination of the various solvents (hexane, toluene, 
and water), reagents (PFPA, MgSO.,, Na 2 S0 4 , heparin, and 
EDTA), and equipment used in the analysis. No such contam¬ 
ination has been detected at levels above the subprogram 
detection limit of the analysis. In addition, the absence of ® 
detectable adduct level in fish and monkey blood (Table 1; 
eliminates other possible sources of laboratory contamination . 
which were not tested. , 

The presence of a background adduct level in other nondosed 
animal species, such as the rat and dog (Table 1), must be due 
to differences in exposure to 4-ABP and/or the ability to form ■ 
sulphinamide adducts with hemoglobin. The source of these 
exposures is not known, but presumably may include water, 3tf» 
or food. Analysis of the drinking water given rats failed (?. 
detect any 4-ABP contamination. Attempts to analyze the ait\ 
for 4-ABP were unsuccessful as commercially available a>r- 
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sampling cartridges contained trace amounts of 4-ABP. The 
most likely source of 4-ABP exposure in the rats remains the 
rat chow, where a contamination of about 50 ppt would be 
sufficient to account for the observed background adduct level. 

An additional problem of potential importance is that uoad- 
ducted 4-ABP contained in a blood sample might be quantified 
as adduct. In situations where the daily exposure to 4-ABP may 
change dramatically, this could cause the measured adduct level 
to change significantly on a daily basis, thus negating one of 
the benefits of hemoglobin dosimetry, that of providing an 
averaged adduct Ievei over the lifetime of the hemoglobin. Two 
steps in the method appeared to eliminate this potential prob¬ 
lem. The use of toluene to help lyse the red blood cells should 
extract any free amine, as the pH is above the pKa of these 
compounds. In addition, the subsequent dialysis steps dilute to 
insignificant levels any free amine which was not extracted into 
the toluene. This was confirmed by spiking blood samples with 
I ng 4'-F-ABP before carrying out the rest of the procedure. 
The final chromatograms failed to show detectable levels of 
PFP-4'-F-ABP, indicating that the added free amine was re¬ 
moved prior to the hydrolysis and derivatization steps ofj the 
analytical procedure. 

The amount of hemoglobin in 10-ml blood samples from 
various human subjects may vary by as much as 20-30%, due 
10 both the range of hematocrits and recovery of hemoglobin 
in the analytical method. For this reason, another important 
consideration was whether the amount of hemoglobin in the 
sample affected the determination of the adduct level. This was 
studied by taking a sample of hemoglobin from a rat, and 
dividing it into two unequal amounts (0,44 and 0.73 g; see 
Table 2). The amount of 4-ABP released from these two sam¬ 
ples during hydrolysis was proportional to the amount of hemo¬ 
globin in each. This was repeated with another rat hemoglobin 
sample, where the difference in hemoglobin was much greater 
(0.17 and 1.05 g). Again, the calculated adduct levels were the 
same for both aliquots, Thus, there did not appear to be a 
hemoglobin concentration effect in the analysis. 

Attempts to simplify the method, either by altering or omit¬ 
ting certain steps, or by using materials which have not been 
cleaned as described, have generally resulted in significantly 
poorer performance of the assay. A number of these changes, 
such as insufficiently drying the hexane or omitting the trimeth- 
ylamine catalyst, result in a lower yield of the FFP-amines. The 
use of plastic or insufficiently clean materials (glassware and 
solvents) results in a large background of interfering compounds 
in the final chromatogram. Although the use of the internal 
standard generally compensates for low yield, or high back¬ 
ground levels, the uncertainty is greater than with high yield 
and low background. Recovery of internal standard is generally 
20-40%. 

Adduct Levels in Nonsmoking and Smoking Subjects. The 
distribution of 4-ABP-hemoglobin adduct levels in a population 
of smokers and nonsmokers is shown in Fig. 3 in which the 
adduct levels in the samples are plotted versus the number of 
samples of the same adduct level (frequency). Samples from 
smokers had consistently higher adduct levels than the samples 


Tabic 2 Effect of hemoglobin concentration on quantification of adduct levels 



Hb analyzed 
<g> 

4-ABP measured 

(ng) 

Adduct level 
(ng 4-ABP/g Hb) 

Rat sample A 

0.44 

0.76 

1.73 


0.73 

1.27 

1.74 

Rai sample B 

0.17 

0,34 

2.00 


1.05 

2.23 

2.12 



£dducd Level £ptj V MttI 

Fig. 3. 4-ABP-hemoglobin adduct levels in smokers {solidbars) and nonsmok¬ 
ers (shaded ban). 

from nonsmokers. The mean adduct level of the smokers (154 
pg 4-ABP per g Hb) was about 5.5 times higher than the mean 
of the nonsmoking subjects (28 pg/g Hb). The difference be¬ 
tween means, with 95% confidence interval, was 126 + 20 pg/ 
g Hb, a highly significant difference (P < .001). Single deter¬ 
minations w ere done for 29 subjects, w hile the average of two 
or three determinations is reported Tor the remaining 16 sub¬ 
jects. 

Absolute verification of the identity of the compound which 
we are quantifying under GC-negative-ion chemical ionization 
mass spectrometry as 4-ABP is not possible due to the small 
amounts which are contained in human blood samples. There 
is not enough, for example, to obtain a full mass spectrum 
under electron ionization mode. However, we have monitored 
the molecular ion of the PFP-derivatives of 4-ABP ( m/z 315) 
and the internal standard (m/z 333) under electron ionization 
mode, using two different capillary GC columns (carbowax and 
dimethyl silicone). In each case, the compound isolated from 
human blood eluted at the retention time of genuine PFP-ABP. 
The amount quantified under electron ionization mode agreed 
with the value obtained under negative-ion chemical ionization 
mode. 

Preliminary results have also been obtained from a study to 
determine the effect of smoking cessation on the levels of 4- 
ABP-hemoglobin adducts. In the five subjects tested thus far, 
the level of bound 4-ABP decreased dramatically during the 
first 6-8 weeks to levels seen in nonsmokers (Fig. 4). The mean 
difference between the first and third samples, with 95% con¬ 
fidence interval, was 76+15 pg/g Hb. This study, in which 
each subject serves as his or her own control, confirms that the 
observed higher adduct levels in smokers is the direct result of 
their cigarette smoking. 

DISCUSSION 

The presence of a detectable adduct level in nonsmokers 
suggests that there may be sources of human exposure to 4- 
ABP other than active cigarette smoking, such as passive smok¬ 
ing, dietary contamination, or air pollution. As with most 
aromatic amines, the amount of 4-ABP in the sidestream to¬ 
bacco smoke is much greater than that found in the mainstream 
smoke (146 versus 4.6 ng/eigarette) (1). This suggests that at 
least some of the 4-ABP in nonsmokers may result from invol¬ 
untary inhalation of sidestream smoke. Adduct levels of other 
aromatic amines found in tobacco smoke (aniline, the 3 tolui- 
dines, and 2-naphthylamine) have been analyzed by a slightly 
modified method (9). In most cases, these amines have been 
detected in the blood of nonsmokers as well as smokers. 
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Fig. 4. Effcel of smoking cos sal iori on 4~ A BP-hemoglobin add u cl levels. Each 
symbol represents a different individual. i 

There are two kinds of dielary contamination which might 
contribute to the 4-ABP levels of nonsmokers. The first is the 
cooking of meat, which is known to produce a number of 
heterocyclic aromatic amines (15), One of these compounds, 5- 
phenyl-2-pyridinamine is structurally very similar to 4-ABP 
and has been identified in phenylalanine pyrolysates and broiled 
sardines (16, 17). 4-ABP has not been identified in any of these 
sources to our knowledge, nor is it known whether the research¬ 
ers attempted to isolate this compound. If the technique of 
following the strongly mutagenic fractions was employed to 
isolate the amines, 4-ABP would probably be overlooked as it 
is comparatively less mutagenic than the heterocyclic amines. 
Trace amounts of 4-ABP have been detected in three azo dyes, 
FD&C yellow no. 6 (tartrazine), FD&C yellow no. 5 (sunset 
yellow), 6 and D&C red #33 (IS, 19). Tartrazine and sunset 
yellow are currently used in a number of food, drug, and 
cosmetic products (20-22). Although the estimated intake of 
either of these dyes is too low to account directly for the 4-ABP 
levels in nonsmokers, the possibility exists that these dyes may 
contain larger quantities of 4-ABP “subsidiary dyes” (18), which 
would release greater amounts of 4-ABP during metabolism. 

A third possibility is that the 4-ABP in nonsmokers may 
originate from air pollution, either 4-aminobiphenyi itself or 4- 
nitrobiphenyl. The latter compound, when administered i.v. or 
i.g. to rats or dogs results in the formation of the same sulphin 
amide adducts as seen when 4-ABP is administered, although 
the yields are some 20-40 times lower. Nitroaromatics have 
been detected in a number of combustion products (23-25), 
with 4-NBP specifically identified in extracts of carbon black 
(26) and diesel particulate (27), In principle, it is possible that 
a portion of the adducts observed in nonsmoking individuals 
may arise via exposure to 4-NBP. Other possibilities of contam¬ 
ination of food, air, and industrial products with 4-ABP exist, 
but are outside the scope of this discussion. 

As discussed previously (8), the 4-ABP-Hb adducts are be¬ 
lieved to be formed in vivo by a sequence of reactions which are 
shown in Fig. 5 as occurring in the liver and blood compart¬ 
ments. The hydroxylamine, which is formed in the liver in a 
cytochrome P-450 mediated oxidation, undergoes a subsequent 
cooxidation with oxyhemoglobin, yielding A-nitrosobiphenyl 

* J. E. Bailey, Jr., personal communication. 
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Fig. 5. Proposed relationship between hemoglobin adducts and bladder epi¬ 
thelial cell DMA adducts. Heavy arrows, transport between compartments. 


and methemoglobin. This reaction sequence has been well 
characterized by Kiesc and others (28, 29) with regard to :lie 
ability of aromatic amines to induce methemoglobinemia. The 
nitrosoarene can either be converted back to the hydroxylamine 
(by diaphorase and the pentose phosphate pathway, for exam¬ 
ple) and induce another round of melhemoglobin formation, or 
it can react with a nucleophile such as a cysteine residue on 
hemoglobin to form an adduct. The intermediate steps involv¬ 
ing the transport of the hydroxylamine from the liver to blood 
are discussed in more detail below. 

It is evident from the present study that cigarette smoking is 
highly correlated with an increased level of 4-ABP-hemoglol 'n 
adducts. This difference between smokers and nonsmokers is 
expected due to the fact that cigarette smoke contains signifi¬ 
cant amounts of 4-ABP (1). The observed distribution of adduct 
levels within both groups, however indicates that the adduct 
level is subject to variability even among individuals of like 
smoking status. This may reflect differences in intake of 4- 
ABP, but may also reflect differences in erythrocyte dose from 
similar intakes. Undoubtedly differences in brand of cigarette 
smoked, and in individual smoking habits such as quantity 
smoked, frequency, and degree of inhalation of the smoke 
contribute to variations in the amount of 4-ABP actually in¬ 
haled. In the case of nonsmokers, speculations as to differences 
in exposure are difficult since a definite source has not been 
established. In both groups, there is reason to expect variability 
due to the fact that the adduct level measured is a function of 
the amount of (V-hydroxylamine which reaches the erythrocytes, 
and this is dependent on the yield of JV-hydrOxyiamine. The 
yield of .V-hydroxvlamine to the erythrocytes is affected not 
only by two key metabolic steps, but perhaps, also by the 
mechanism of delivery of the hydroxylamine to the blood. 

Current understanding of the mechanism of bladder cancer 
induction by aromatic amines implicates 'V-hydroxylation by 
hepatic cytochrome P-450 as the first critical step (5, 30). The 
presence or absence of various inducers to this enzyme system 
may introduce differences in the manner in which the amine is 
metabolized. A large number of chemicals, both synthetic and 
naturally occurring, have been shown to induce monooxygenase 
activity (31). In particular, cigarette smoking has been shown 
to have a stimulatory effect on a number of enzyme activities. 
In many cases, the inducers are specific for certain forms of the 
cytochrome P-450, which may result in a wide variation in the 
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P-450 profiles within individuals of a certain population. A 
higher level of C-hydroxylation, for example, which is thought 
to be a detoxifying process, could result in decreased formation 
of the critical A'-hydroxylamine. 

Likewise, an individual’s capacity for yV-acetylation is also 
expected to alter the amount of free /V-hydroxylamine available 
for subsequent transport to the erythrocyte. In humans, there 
appears to he an “acetylator polymorphism” in which there are 
at least two phenotypes, “slow” and “fast,” referring to the 
relative ability to A'-acetylate aromatic amines (32). iV-Acety- 
lation appears to be necessary' for the induction of tumors of 
the liver, mammary gland, and intestine (33, 34). It has been 
speculated that those individuals who are fast acetylators might 
be at increased risk for tumors at these sites, while slow acety¬ 
lators might be at increased risk for bladder tumors (35). 
Consistent with the latter hypothesis is the evidence from 
several studies (35-37) which revealed an excess of slow acety¬ 
lators among bladder cancer patients, as compared (o control. 

These variables could result in a situation in which the dose 
to the erythrocytes would be different in two individuals, even 
if the actual intake or exposure is the same. This,obviously 
presents difficulties if one seeks to use the adduct levels or 
erythrocyte dose as a means of estimating the amount of 4- 
ABP to which an individual is exposed. A calculation of this 
sort must assume that a certain intake of 4-ABP will result in 
a defined percentage of the dose reacting with hemoglobin to 
form sulphinamide adducts, and will not vary among individ¬ 
uals. Such a calculation may be useful, however to estimate the 
range of exposures within a certain group of subjects as we have 
done (38). 

Bladder cancer induction by aromatic amines such as 4-ABP 
is believed to occur by reaction of free iV-hydroxylamme with 
DNA in the target cells of the bladder. Since oxidation of the 
amine to the hydroxylamine occurs in the liver, some form of 
transport is necessary to deliver this proximate carcinogen to 
the bladder epithelium. One mechanism is simply the export of 
free hydroxylamine from the liver into the blood. Normal 
circulation would then carry the hydroxylamine to the target 
tissue, assuming its lifetime in blood is sufficiently long. Studies 
on the oxidation of aniline in the isolated perfused rat liver (39) 
suggest that this is not an important pathway. On the other 
hand, this may be a mechanism whereby the hydroxylamine 
reaches the erythrocytes to form the hemoglobin adduct, as 
illustrated in Fig. 5. 

The most likely mechanism for exposure of the bladder 
epithelium is also illustrated in Fig. 5 and involves transport of 
the /V-glucuronide of the hydroxylamine to the bladder lumen 
and subsequent hydrolysis catalyzed by the low pH of urine. It 
has been demonstrated that the bladder is permeable to aro¬ 
matic hydroxylamines and that when introduced into the lumen, 
the hydroxylamines are readily absorbed and enter the blood¬ 
stream (40). This pathway could thus be a route whereby the 
hydroxylamine reaches the ery throcyte to form the hemoglobin 
adduct. In this latter transport mechanism, it is expected that 
the concentration of hydroxylamine in the blood, and conse¬ 
quently, the amount of hemoglobin adduct, would be propor¬ 
tional to the dose of hydroxylamine to the DNA of the bladder 
epithelial cell. 

The relative importance of the two pathways for transport of 
the hydroxylamine to the erythrocyte will determine how useful 
the hemoglobin adducts are in estimating exposure of the target 
tissue. Although proportionality between hemoglobin binding 
and DNA binding has already been established for another 
aromatic amine, trans-4-dimefhylaminostilbene (41,42), exper¬ 


iments to do the same for 4-ABP have not been completed. 

In conclusion, we have developed a method for the quantita¬ 
tive determination of 4-ABP adducts in human hemoglobin. 
Thus far, all individuals examined have some level of adduct, 
but it is significantly higher in cigarette smokers than in non- 
smokers. Levels in quitting smokers decline to those in non- 
smokers. To our knowledge this is the first report of 4-ABP 
adducts in human blood. It appears likely that the erythrocyte 
dose, as measured by our procedure, will be a useful parameter 
in estimating exposure to one of the proximate carcinogenic 
forms of 4-ABP. 
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